We investigated the in situ spatial organization of ammonia-oxidizing and nitrite-oxidizing bacteria in domestic wastewater biofilms and autotrophic nitrifying biofilms by using microsensors and fluorescent in situ hybridization (FISH) performed with 16S rRNA-targeted oligonucleotide probes. The combination of these techniques made it possible to relate in situ microbial activity directly to the occurrence of nitrifying bacterial populations. In situ hybridization revealed that bacteria belonging to the genus Nitrosomonas were the numerically dominant ammonia-oxidizing bacteria in both types of biofilms. Bacteria belonging to the genus Nitrobacter were not detected; instead, Nitrospira-like bacteria were the main nitrite-oxidizing bacteria in both types of biofilms. Nitrospira-like cells formed irregularly shaped aggregates consisting of small microcolonies, which clustered around the clusters of ammonia oxidizers. Whereas most of the ammonia-oxidizing bacteria were present throughout the biofilms, the nitrite-oxidizing bacteria were restricted to the active nitrite-oxidizing zones, which were in the inner parts of the biofilms. Microelectrode measurements showed that the active ammonia-oxidizing zone was located in the outer part of a biofilm, whereas the active nitrite-oxidizing zone was located just below the ammonia-oxidizing zone and overlapped the location of nitrite-oxidizing bacteria, as determined by FISH.
Microbial nitrification (oxidation of ammonia to nitrate via nitrite) followed by denitrification (reduction of nitrate to N 2 gas) is the key process in the removal of ammonia from wastewater. Due to the slow growth rate of nitrifying bacteria and the sensitivity of these organisms to several environmental factors (e.g., pH, O 2 , and temperature), treatment plants frequently fail to establish stable nitrification. The process of nitrification is carried out by members of two phylogenetically unrelated groups of lithoautotrophic bacteria, the ammoniaoxidizing bacteria and the nitrite-oxidizing bacteria. A better understanding of the microbiology and ecology of nitrifying bacteria in wastewater treatment biofilms is essential for improving process performance and control. However, characterization of nitrifying bacterial populations in biofilms has been hindered by the limitations of traditional culture-dependent techniques, such as the most-probable-number and selective plating techniques, which do not allow exact localization of nitrification and nitrifying bacteria. Furthermore, these techniques often detect only a minor portion of the naturally occurring nitrifying bacteria. Biofilm spatial heterogeneity and microbial aggregation may increase the uncertainty of culturedependent enumeration.
The recent development of fluorescence in situ hybridization (FISH) with 16S rRNA-targeted oligonucleotide probes has made it possible to analyze complex in situ microbial community structures in environmental and engineered systems. Thus, symbiotic associations of ammonia-and nitrite-oxidizing bacteria can be revealed by FISH performed with a set of fluorescently labeled 16S rRNA-targeted probes without the bias of cultivation. Previously, workers have described various combinations of numerically dominant populations of ammoniaand nitrite-oxidizing bacteria, such as Nitrosococcus mobilis and Nitrospira-like bacteria in activated sludge of an industrial wastewater treatment plant (13) , Nitrosospira sp. and Nitrospira sp. in microbial aggregates of a laboratory scale nitrifying fluidized bed reactor (25) , and Nitrosomonas spp. and Nitrobacter spp. in sludge flocs of a continuously stirred tank reactor (18) and in trickling filter biofilms treating aquaculture water (24) . Different species of ammonia-and nitrite-oxidizing bacteria differ in their in situ growth kinetics, their substrate and oxygen affinities, and their sensitivities to environmental changes (e.g., changes in pH and NO 2 and O 2 contents).
Microelectrodes have been used to investigate the spatial distributions of various microbial activities in biofilms (9, 14, 30) and in microbial aggregates grown in a fluidized bed reactor (8, 9, 15) . Furthermore, FISH has recently been combined successfully with microelectrode measurements to study sulfate reduction (19, 21) and nitrification (24) in trickling filter biofilms and nitrification in microbial flocs of a nitrifying fluidized bed reactor (25) . The combination of the two methods provided reliable and direct information about relationships between in situ microbial activity and the occurrence of specific microorganisms in complex microbial consortia.
In this study, we investigated the ecophysiology of the numerically important ammonia and nitrite oxidizer assemblages in aerobic biofilms on a rotating disk reactor (RDR) fed with domestic wastewater. This was done by combining FISH performed with a set of fluorescently labeled 16S rRNA-targeted probes and microelectrode measurements of NH 4 ϩ , NO 2 Ϫ , NO 3 Ϫ , and O 2 . In addition, the nitrifying community in an autotrophic nitrifying biofilm cultured with synthetic nutrient medium was also investigated and compared with the community in a wastewater biofilm in the RDR. Below we discuss the relationship between the spatial organization of nitrifying bacterial populations and the activity of these populations within biofilms.
MATERIALS AND METHODS
Biofilm samples. Two types of biofilms, a domestic wastewater biofilm and an autotrophic nitrifying biofilm, were studied. Both biofilms were cultured in par-tially submerged RDR consisting of five polymethylmethacrylate disks. Eight removable slides (1 by 6 cm) were installed in each disk for biofilm sampling. The reactor volume was 1,370 cm 3 , and the total biofilm area was 2,830 cm ]) and stage 2 (210,000 PE) was initially added to the reactor in order to add microorganisms. After this, the wastewater biofilm was cultured with the primary settling tank effluent containing 1.6 Ϯ 0.5 mM dissolved organic carbon, 1.4 Ϯ 0.5 mM NH 4 ϩ , and less than 0.1 mM NO 2 Ϫ and NO 3 Ϫ (pH 6.8 Ϯ 0.3). The autotrophic nitrifying biofilm was first seeded with the mixed liquor and cultured with the primary settling tank effluent for a few days like the wastewater biofilms in order to develop thin initial biofilms and then was cultured with synthetic nutrient medium without an organic carbon source. The nutrient medium contained 3.6 mM NH 4 Cl, 17.8 mM NaHCO 3 , 0.03 mM K 2 HPO 4 , 0.41 mM MgSO 4 ⅐ 7H 2 O, and 1.25 mM NaCl, (pH 7.0 Ϯ 0.2).
Microelectrode preparation and measurements. Cathode type oxygen microelectrodes with tip diameters of about 10 m were prepared and calibrated as described previously by Revsbech and Jorgensen (22) . Liquid ion-exchanging membrane (LIX) microsensors for NH 4 ϩ , NO 2 Ϫ , and NO 3 Ϫ were prepared as described by de Beer et al. (6, 7, 9) . The microsensors were calibrated with NH 4 ϩ , NO 2 Ϫ , and NO 3 Ϫ dilution series (10 Ϫ3 to 10 Ϫ6 M) in the medium used for the measurements. All measurements were obtained as described previously (6) by using a flow cell reactor at 20°C with an average liquid velocity of 2 to 3 cm s Ϫ1 by blowing air on the liquid surface. The composition of the medium used for microprofile measurements has been described previously by de Beer et al. (8) . The biofilm samples taken from the reactor were acclimated in the medium for a few hours before the measurements were obtained to ensure that steadystate profiles were obtained. Concentration profiles in the biofilms were obtained by using a motor-driven micromanipulator (model ACV-104-HP; Chuo Precision Industrial Co., Ltd., Tokyo, Japan) at intervals of 25 to 100 m from the bulk liquid into the biofilm. The biofilm-liquid interface was determined with a dissecting microscope (model Stemi 2000; Carl Zeiss). Microprofiles were determined three to five times at different positions in the biofilms for each species and set of conditions. The graphs below show means Ϯ standard deviations of measurements.
Estimation of consumption and production rate profiles. The net rates of consumption and production of NH 4 ϩ , NO 2 Ϫ , and NO 3 Ϫ were estimated from the measured microprofiles by using Fick's second law of diffusion. As a boundary condition we introduced the same concentration point below the deepest measuring point; thus, the activity below the deepest measured point was assumed to be zero. From this point, concentration profiles were calculated stepwise toward the biofilm surface by altering net activities by using Microsoft Excel to minimize the sum of squared deviations of the calculated profile from the measured profile and the sum of squared first derivatives of the guessed activities, ⌺(‫ץ‬A/‫ץ‬z) 2 . The activities were assumed to be constant within a measured step. The step size of the calculation was equal to the measurement step. More details of this calculation method were described previously by Lorenzen et al. (16 Fixation and cryosectioning of biofilm samples. Immediately after the microelectrode measurements were obtained, the biofilms were fixed by immersing the removable slides in test tubes filled with a freshly prepared paraformaldehyde solution (4% paraformaldehyde in phosphate-buffered saline [130 mM sodium chloride, 10 mM sodium phosphate buffer; pH 7.2]) for 4 to 8 h at 4°C. Then the biofilms were rinsed twice with phosphate-buffered saline. Each fixed biofilm was placed in a small aluminum container with the biofilm side up, embedded in Tissue-Tek OCT compound (Miles, Elkhart, Ind.) overnight to infiltrate the OCT compound into the biofilm, and subsequently frozen at Ϫ20°C. The frozen biofilms were cut into 10-to 20-m-thick vertical slices with a cryostat (ReichertJung Cryocut 1800; Leica) at Ϫ20°C. Each slice was placed on a gelatin (0.1% gelatin and 0.01% chromium potassium sulfate)-coated microscopic slide (Cellline Associates) and air dried overnight. The specimen was finally dehydrated by successive 50, 80, and 98% ethanol washes (3 min each), air dried, and stored at room temperature. The ethanol dehydration procedure substantially reduced the inherent fluorescence, removed the OCT compound, and also increased probe penetration through the cell walls.
Oligonucleotide probes. The following oligonucleotide probes were used: Eub338, Nso190, NEU, Nsm156, NmV, Nsv443, NIT2, NIT3, Ntspa454, Ntspa685, and Ntspa1026. All of the probe sequences, as well as the specificities of the probes and the hybridization conditions, are shown in Table 1 . The probes were labeled with fluorescein isothiocyanate (FITC) or tetramethylrhodamine 5-isothiocyanate (TRITC). Unlabeled competitor probes CNIT3 and CTE were added with equimolar amounts of NIT3 and NEU, respectively.
In situ hybridization. Previously described optimal hybridization conditions were used for each probe. All in situ hybridizations were performed by using the procedure described by Manz et al. (17) and Amann (1) and hybridization buffer (0.9 M NaCl, 20 mM Tris hydrochloride [pH 7.2], 0.01% sodium dodecyl sulfate, and formamide at the concentrations shown in Table 1 ) at 46°C for 2 to 3 h. The final probe concentration was approximately 5 ng 1
Ϫ1
. Subsequently, a stringent washing step was performed at 48°C for 20 min with 50 ml of prewarmed washing solution (NaCl at the concentrations shown in Table 1 , 20 mM Tris hydrochloride [pH 7.2], 0.01% sodium dodecyl sulfate). The stringency of the washing step (at 48°C) was adjusted by lowering the sodium chloride concentration to achieve the appropriate specificity. The slides were then rinsed briefly with double-distilled H 2 O and air dried. Simultaneous hybridizations with probes requiring different stringency conditions were performed by using a successive hybridization procedure; hybridization with the probe requiring higher stringency was performed first, and then hybridization with the probe requiring lower stringency was performed (27) . The slides were mounted with a SlowFade light antifade kit (Molecular Probes, Eugene, Oreg.). Microscopy. A model LSM 510 inverted confocal scanning laser microscope (CSLM) (Zeiss) supplying excitation wavelengths of 488 nm (argon laser) and 543 nm (He-Ne laser) was used to examine the biofilm specimens. Zeiss filter sets 09, 10, and 15 and ϫ20, ϫ40, and ϫ63 oil immersion lenses were used. All image combining, processing, and analysis were performed with the standard software package provided by Zeiss. Processed images were printed by using the software package Adobe Photoshop 3.0J (Adobe Systems Incorporated, Mountain View, Calif.).
In situ analysis of population structure of nitrifying bacteria. The compositions of the nitrifying consortia in the wastewater biofilm and the autotrophic nitrifying biofilm were analyzed by FISH performed with a set of previously described probes. It was difficult to count the total numbers of probe-stained nitrifying bacterial cells because ammonia-oxidizing bacteria formed dense clusters and the nitrite-oxidizing bacteria were too small to identify single cells. Therefore, the surface fraction of total biomass area and the probe-stained cell (cluster) area were used to quantitatively characterize the population structure of the nitrifying bacteria. The total biomass area and the probe-stained area were determined from differential interference contrast (DIC) images and projection images, respectively, of the same microscopic filed by using image analysis software provided by Zeiss. Since the fluorescence intensity derived from probestained cells varied slightly for each image, the greatest fluorescence intensity of the background was first determined for each channel. This value was used as a threshold low value. The threshold values used for the 488-and 543-nm channels ranged from 20 to 50 and 30 to 60, respectively, depending on the autofluorescence intensity (colored pixels were assigned intensity levels ranging from 0 to 255). Thus, all of the pixels with fluorescence intensities greater than the threshold value were counted as part of the probe-stained area. The average surface fraction was determined by using at least 10 representative microscopic images of each cross-section of the biofilm samples.
RESULTS
Reactor performance. The first stage of nitrification, oxidation of NH 4 ϩ to NO 2 Ϫ , occurred immediately after both reactors were started. However, oxidation of NO 2 Ϫ did not progress as rapidly as oxidation of NH 4 ϩ progressed. Thus, NO 2 Ϫ gradually accumulated up to a concentration of about 3.2 mM at 19 days after start-up in the purely autotrophic nitrifying biofilm reactor, and oxidation of NO 2 Ϫ to NO 3 Ϫ was completed after 1 month. In contrast, complete nitrification (NH 4 ϩ oxidation to NO 3 Ϫ ) was achieved within 2 weeks with the wastewater biofilm due to a lower ammonium loading rate. After a steady state was reached (about 1.5 months later), biofilm samples were taken and used for in situ analyses of the spatial distributions of nitrifying bacterial populations and activity.
Biofilm structure. The structure of the autotrophic nitrifying biofilm differed significantly from the structure of the wastewater biofilm (Fig. 1) . A cross-section of the domestic wastewater biofilm revealed a heterogeneous structure consisting of biomass and interstitial voids (Fig. 1A) . The biofilm thickness was about 750 m, and the biofilm surface was very rough and was partially covered with filamentous bacteria. The density of the biofilm was high in the upper and bottom layers, and interstitial voids occurred in the middle of the biofilm. In contrast, the autotrophic biofilm was densely packed, and the surface was smoother than the surface of the wastewater biofilm (Fig. 1B) ; the autotrophic biofilm thickness was about 200 m.
In situ hybridization. To investigate the spatial distributions of ammonia-and nitrite-oxidizing bacteria within the biofilms, simultaneous in situ hybridizations with specific probes were carried out for entire vertical sections of the domestic wastewater and autotrophic nitrifying biofilms.
(i) Wastewater biofilm. In situ hybridization clearly indicated that ammonia-oxidizing bacteria were not uniformly distributed within the wastewater biofilm ( Fig. 2A) , and the majority of the ammonia-oxidizing bacteria formed dense spherical microcolonies consisting of rod-shaped cells (Fig. 2C and D) . These microcolonies were detected primarily in the upper and middle layers of the wastewater biofilm ( Fig. 2A) . In contrast, Ntspa 454 probe-stained Nitrospira-like cells formed irregularly shaped aggregates consisting of small microcolonies, which clustered around the clusters of ammonia-oxidizing bacteria (Fig.  2C) . These Nitrospira clusters were found mainly in the middle part of the biofilm (Fig. 2A) . Although O 2 was depleted in the deeper layer, low numbers of both ammonia-and nitrite-oxidizing bacteria were present. Figure 2D shows that there was a close association of ammonia-oxidizing bacteria with heterotrophs (perhaps including nitrite-oxidizing bacteria) stained with general bacterial probe Eub338. A wide variety of heterotrophs surrounded and coexisted with ammonia-oxidizing bacteria.
(ii) Autotrophic nitrifying biofilm. Spherical clusters of densely packed ammonia-oxidizing bacteria were present throughout the autotrophic nitrifying biofilm, indicating that the spatial distribution of the ammonia-oxidizing bacteria was homogeneous ( Fig. 3A and 3B ). In contrast, clusters of Ntspa 454 probe-stained Nitrospira-like cells were detected only in the deeper layer; thus, the distribution of the nitrite-oxidizing bacteria was heterogeneous. A close association between ammonia-oxidizing bacteria and nitrite-oxidizing bacteria was also observed in the autotrophic nitrifying biofilm (Fig. 3C and D ). An orthogonal image showed the three-dimensional organization of the biofilm, in which relatively small ammonia-oxidizing bacterial clusters surrounded each large nitrite-oxidizing cluster (Fig. 3C) . The cluster sizes of the ammonia-oxidizing bacteria were larger than the cluster sizes in the domestic wastewater biofilm, probably due to the higher ammonium loading rate. Although the biofilm was cultured in synthetic medium containingnoorganiccarbon,anumberofheterotrophsweretightly attached to the ammonia-oxidizing bacteria clusters (Fig. 3E) , which may suggest that heterotrophs could utilize soluble organic compounds secreted from ammonia-oxidizing bacteria. In situ analysis of population structure of nitrifying bacteria. In situ diversity analyses of nitrifying bacteria in biofilm sections were performed by using FISH and different combinations of 16S rRNA-targeted oligonucleotide probes (Fig. 4) . In the autotrophic nitrifying biofilm, about 30% of the total biomass area was stained with probe Nso190. In additional hybridization experiments, more than 96% of the ammonia oxidizers that were detectable with probe Nso190 were simultaneously detected with probe Nsm156. Furthermore, about 70% of the probe Nsm156-stained cells were visualized with probe NEU. No hybridization signals were observed when probes NmV and Nsv443 were used with any of the biofilm samples.
In contrast, the surface fraction of the Nso190-stained cells was only about 10% of the total biomass area in the wastewater biofilms. More than 98% of the cells stained with Nso190 were simultaneously detected with probe Nsm156, but no hybridization signal was detected with probes NEU, NmV, and Nsv443 in any of the biofilm samples (Fig. 4) .
For nitrite-oxidizing bacteria, no hybridization signals were observed when Nitrobacter-specific probes NIT2, NIT3, and Nb1000 were used with any of the samples. Only in situ hybridization with probes Ntspa454, Ntspa686, and Ntspa1026 (specific for Nitrospira-like bacteria) revealed the presence of nitrite oxidizers in all samples, but the numbers of probestained cells were low compared to the number of ammoniaoxidizing bacteria.
Concentration and activity profiles. (i) Wastewater biofilm. The steady-state concentration profiles of O 2 , NH 4 ϩ , NO 2 Ϫ , and NO 3 Ϫ within the domestic wastewater biofilm were determined with microelectrodes (Fig. 5A) , and the net rates of consumption and production of NH 4 ϩ , NO 2 Ϫ , and NO 3 Ϫ were estimated on the basis of the measured profiles (Fig. 5B) . The O 2 penetration depth was about 1,200 m in the wastewater biofilm due to the loose structure and low microbial activity. NH 4 ϩ oxidation to NO 2 Ϫ occurred mainly in the uppermost 500 m, with an intermediate NO 2 Ϫ peak concentration of 135 M at a depth of 200 m, and there was no NO 3 Ϫ production, although both NH 4 ϩ and O 2 were present. Correspondingly, NO 2 Ϫ production was detected in the upper 500 m, as shown in Fig. 5B . The NO 2 Ϫ and NO 3 Ϫ profiles indicated that NO 2 Ϫ was oxidized to NO 3 Ϫ in the region that was about 500 to 1,200 m from the surface, which was reflected by the substantially lower number of nitrite-oxidizing bacteria in the upper layer, as shown in Fig. 2A . This result clearly suggests at least that the active NH 4 ϩ oxidation zone was vertically separated from the active NO 2 Ϫ oxidation zone, although both NH 4 ϩ and O 2 were still present. Both NO 2 Ϫ and NO 3 Ϫ concentrations decreased in the deeper microaerobic and anoxic layers (below a depth of about 1,200 m) due to denitrification.
(ii) Autotrophic nitrifying biofilm. Oxygen penetrated approximately 150 m into the autotrophic nitrifying biofilm (Fig. 6A) . The NH 4 ϩ and NO 2 Ϫ profiles showed that the NH 4 ϩ consumed was converted to NO 2 Ϫ in the upper 100 m, with a low but significant NO 2 Ϫ peak concentration (20 to 30 M) at a depth of 50 to 75 m, and there was no significant NO 3 Ϫ production at the surface. The NO 2 Ϫ produced was eventually converted to NO 3 Ϫ in the deeper layer (depth 100 to 150 m) (Fig. 6B) ; thus, the active NO 2 Ϫ oxidation zone was restricted to the deeper biofilm strata, whereas the NH 4 ϩ oxidation zone was found throughout the biofilm. This result could be explained by the lower number of nitrite-oxidizing bacteria in the surface biofilm, as shown in Fig. 3A .
When very low levels of NO 2 Ϫ are encountered (Fig. 6A) , the signal-to-noise ratio of the microsensors decreases and the effect of interfering substances, such as HCO 3 Ϫ increases. Slight shifts in the half-cell potential across the membrane result in relatively large effects on the calculated concentrations. Therefore, to verify the vertical distributions of the NH 4 ϩ oxidation zone and the NO 2 Ϫ oxidation zone within the biofilm, the autotrophic nitrifying biofilm was incubated in medium supplemented with 100 M NO 2 Ϫ after the microprofile measurements without NO 2 Ϫ addition were obtained (Fig. 7A) . No significant differences in the measured O 2 , NO 3 Ϫ , and NH 4 ϩ microprofiles were observed in the biofilm incubated with 100 M NO 2 Ϫ . A broad NO 2 Ϫ peak was detected just below the surface of the biofilm, which was caused by relatively higher NH 4 ϩ oxidation activity compared with NO 2 Ϫ oxidation activity. The NO 2 Ϫ concentration decreased below a depth of about 50 m, and the NO 3 Ϫ concentration increased up to a depth of about 150 m, at which point O 2 was depleted. However, no further significant NH 4 ϩ oxidation was observed below a depth of 75 m, although both NH 4 ϩ and O 2 were still present.
Average NH 4 ϩ fluxes of 0.08 and 0.13 mol cm Ϫ2 h Ϫ1 were found in the autotrophic nitrifying biofilms (thickness, ca. 200 m) cultured with and without 100 M NO 2 Ϫ , respectively; these values were comparable to the flux of 0.09 mol cm Ϫ2 h Ϫ1 obtained with the wastewater biofilm, which was about 2,000 m thick. Thus, the nitrifying activity of the autotrophic biofilm was ca. 10 times higher than the nitrifying activity of the wastewater biofilm.
DISCUSSION
Microprofiles. Although much effort has been funneled into process engineering in order to obtain stable nitrogen removal, our knowledge of microbial community structure and the functions of the nitrifying consortia in wastewater biofilms is still very limited. Detailed in situ measurements of nitrification (oxidation of NH 4 ϩ to NO 3 Ϫ via NO 2 Ϫ ) could not be obtained until LIX microsensors became available for the main reactants, intermediates, and products. Recent development of the nitrite LIX sensor by de Beer et al. (9) made it possible for us to investigate in more detail the mechanisms of the microbial nitrification process, including the production and/or consumption of the intermediate NO 2 Ϫ that occurs within biofilms.
In the present study, we measured the microprofiles of NH 4 ϩ (reactant), NO 3 Ϫ (product), and NO 2 Ϫ (intermediate) and could, therefore, directly correlate the activities of NH 4 ϩ and NO 2 Ϫ oxidation with the spatial distributions of ammoniaand nitrite-oxidizing bacterial populations within biofilms. Our data for biofilms cultured independently with different feeds showed that the active zone of oxidation of NH 4 ϩ to NO 2 Ϫ was vertically separated from the zone of oxidation of NO 2 Ϫ to NO 3 Ϫ within the biofilms. Microprofiles of the pH values in the biofilms showed that the pH decreased from 7.2 to 6.9 in the surface biofilm (data not shown). Therefore, the explanation for the vertical stratification of two-step nitrification processes must be the absence (or low numbers) of nitrite-oxidizing bacteria in the upper parts of the biofilms. However, Schramm et al. (25) reported that concomitant consumption of O 2 , NH 4 ϩ , and NO 2 Ϫ and production of NO 3 Ϫ occurred in the outer 125 m of nitrifying aggregates. This is because both numerically dominant populations of nitrifying bacteria (Nitrosospira sp. and Nitrospira sp.) were abundant in this nitrification zone.
Furthermore, the use of a set of NH 4 ϩ , NO 2 Ϫ , and NO 3 Ϫ sensors showed that denitrification occurred below the nitrite oxidation zone (Fig. 5A) . In this study, since no organic substrate was added to the medium, the possible electron donors for denitrification were most likely NH 4 ϩ and organic matter derived from biomass decay. The NO 3 Ϫ concentration never reached zero, which indicates that the denitrification rate was substantially lower than the nitrification rate.
However, there are, of course, limitations to microprofile measurements. First, it should be noted that the microprofiles presented in this paper are artificial results obtained under the conditions used for microelectrode measurements and are not profiles that actually occurred under growth conditions because, for example, the reactor hydrodynamics were different. Second, the NH 4 ϩ profile revealed that the consumption of NH 4 ϩ is always less than the production of NO 2 Ϫ and NO 3 Ϫ . A possible reason for this is that NH 4 ϩ may be liberated from biomass during measurements from biomass since biofilms have a large pool of bound NH 4 ϩ or by biomass degradation. Third, some of the profiles (e.g., the NO 3 Ϫ and NH 4 ϩ profiles shown in Fig. 6A) were not completely measured until the curvature ended due to thin biofilms, which led to uncertainties in the quantitative activity analyses.
In situ nitrifying activity. In situ nitrifying activities of approximately 0.13 and 0.08 mol of NH 4 ϩ cm Ϫ2 h Ϫ1 , which gave average specific nitrifying rates of 8.7 and 4.6 mol of NH 4 ϩ cm Ϫ3 h Ϫ1 , respectively, were found in the autotrophic nitrifying biofilms fed with the synthetic medium (the thicknesses of the nitrifying layers were 150 and 175 m, respectively [ Fig. 6 and 7]); these values are lower than the values reported in previous microsensor studies of nitrifying biofilms (ca. 30 mol of NO 2 Ϫ plus NO 3 Ϫ cm Ϫ3 h
Ϫ1
, measured as production of NO 2 Ϫ plus NO 3 Ϫ ) (24) and nitrifying aggregates from fluidized bed reactors (ca. 12 to 50 mol of NH 4 ϩ cm Ϫ3 h
) (8, 9, 25) . The specific autotrophic nitrifying rates obtained in this study are high compared with the rates obtained for the wastewater biofilm in this study (ca. 1.6 mol of NH 4 ϩ cm Ϫ3 h Ϫ1 ) (Fig. 5 ) and for nitrifying sediments (11, 12 Although the microprofiles presented above were averages based on three to five measurements, exact quantitative analysis of in situ nitrifying activity is hampered by biofilm heterogeneity, as shown in Fig. 1A . The influence of biofilm heterogeneity on diffusion coefficients in the biofilm was not taken into account when the volumetric consumption and production profiles were calculated (Fig. 5B, 6B , and 7B), and thus constant diffusion coefficients were used throughout the biofilm. Therefore, the profiles were prone to have relatively large errors, which limited exact quantitative analysis of the estimated in situ activity. However, this does not negate the general trend in the results presented here.
In situ identification of nitrifying bacteria. When the phylogenetic relationships of autotrophic ammonia-oxidizing bacteria belonging to the beta subdivision of the Proteobacteria (13) were considered, the in situ hybridization results demonstrated that at least three different types of ammonia-oxidizing bacteria were present in the autotrophic nitrifying biofilm. As shown in Fig. 4 , populations that hybridized with probes Nso190, Nsm156, and NEU but did not hybridize with NmV and Nsv443 (i.e., Nitrosomonas europaea, Nitrosomonas eutropha, and Nitrosomonas halophila) were the numerically dominant ammonia-oxidizing bacteria. The clusters of this group of ammonia-oxidizing bacteria strongly resembled those observed by other researchers (18, 26, 28) . Other lineages that hybridized with probe Nsm156 but did not hybridize with NEU constituted the second biggest population. A third population, which hybridized with probe Nso190 but did not hybridize with Nsm156 and Nsv443, was very small, and the affiliation of these bacteria was not determined. In contrast, the numbers of probe NEU-stained ammoniaoxidizing bacteria (i.e., N. europaea, N. eutropha, and N. halophila) were low (probably below the detection limit) in the wastewater biofilm, and other Nitrosomonas lineages which hybridized with probe Nsm156 but did not hybridize with NEU were numerically important organisms. This result indicated that after they were switched to the synthetic medium supplemented with 3.6 mM NH 4 ϩ , probe NEU-stained ammonia-oxidizing bacteria (i.e., N. europaea, N. eutropha, and N. halophila) became the dominant bacteria in the autotrophic nitrifying biofilm because of the selectivity of the synthetic medium used in this study and their higher growth rates (4). This evidence indirectly supported the finding that N. europaea has been the species most commonly isolated and studied in most of the previous studies (4).
We found that Nitrosomonas spp. (excluding the probe NEU-stained ammonia-oxidizing bacteria N. europaea, N. eutropha, and N. halophila) and Nitrospira-like bacteria were numerically dominant organisms in the domestic wastewater biofilms. As previously shown, however, Nitrosomonas spp. (mainly probe NEU-stained ammonia-oxidizing bacteria) were more abundant in activated sludge (18, 26) and in trickling filter biofilms receiving an aquaculture effluent (24) . The difference in the findings was probably due to the fact the NH 4 ϩ concentration in the domestic wastewater used in this study was low (0.5 to 1.1 mM) compared to the concentration used in the study of Schramm et al. (24) . In the study of nitrifying aggregates from a fluidized bed reactor performed by Schramm et al. (25) , Nitrosospira sp. and Nitrospira sp. populations were the numerically dominant populations of nitrifying bacteria. The dominance of Nitrosospira sp. over Nitrosomonas sp. in the system of Schramm et al. could be attributed to differences in the pH (pH 7.0 in this study versus 8.0 in the study of Schramm et al.), temperature (20°C versus 30°C), and type of inoculum. However, the details of what parameters were important to achieve this dominance are not clear at present. Nitrospira-like bacteria were shown to be more important than Nitrobacter spp. for nitrite oxidation in wastewater treatment plants (13, 25, 26) , in freshwater aquaria (10) , and in a nitrite-oxidizing sequencing batch reactor (5), with exception of two reports (18, 24 (29) , Nitrobacter spp. could not outcompete Nitrospira spp., even in the autotrophic nitrifying biofilm. We speculate that Nitrobacter spp. compete well only if both the O 2 and NO 2 concentrations are high. To investigate detailed mechanisms of population dynamics of nitrite-oxidizing bacteria, isolation of Nitrospira-like bacteria followed by physiological characterization is required.
Spatial distributions. Ammonia-oxidizing bacteria belonging to the genus Nitrosomonas were detected throughout the biofilm, whereas nitrite-oxidizing bacteria (Nitrospira-like bacteria) were found mainly in the inner parts of both domestic wastewater biofilms and autotrophic nitrifying biofilms. Nitrospira-like bacteria formed smaller and looser irregular cell clusters than Nitrosomonas spp. formed. One explanation for these findings is that since Nitrospira-like cells were present in the deeper parts of the biofilms where the O 2 concentrations were low, the cluster sizes remained small to avoid oxygen depletion in their centers. We concluded that Nitrospira-like bacteria could be important members of nitrite-oxidizing bacterial populations in both biofilms, because (i) the Nitrospira-like bacteria were restricted to the active NO 2 Ϫ oxidation zone, (ii) the sizes of the populations of these bacteria in the biofilms increased as oxidation of NO 2 Ϫ to NO 3 Ϫ progressed, and (iii) Nitrospira-like cells were always found in vicinity of ammoniaoxidizing bacterial clusters, which may have reflected the syntrophic association between ammonia-and nitrite-oxidizing bacteria.
The distinct spatial distribution of nitrite-oxidizing bacteria could be explained in part by their slower growth rate. The growth rate of Nitrospira spp. is in general thought to be significantly slower than the growth rates of Nitrosomonas spp. and heterotrophs (29) . Therefore, Nitrospira-like cells could be easily outcompeted by Nitrosomonas spp. and heterotrophs in a surface biofilm. We have frequently observed increases in NO 2 Ϫ peak concentrations in surface biofilms with increases in the bulk O 2 concentration (data not shown). The increases in the bulk O 2 concentration increase the NH 4 ϩ oxidation rates in surface biofilms but not the NO 2 Ϫ oxidation rates because of limitation of nitrite-oxidizing bacteria. Furthermore, active NO 2 Ϫ oxidation zones were found at O 2 concentrations below 50 M in all cases. This evidence may suggest that high levels of O 2 inhibit the activity of Nitrospira spp. and consequently these organisms proliferate predominantly in the deeper biofilm stratum.
Concluding remarks.
Combinations of Nitrosomonas spp. and Nitrospira-like cells were identified as important populations of nitrifying bacteria in both a domestic wastewater biofilm and an autotrophic nitrifying biofilm. The active NH 4 ϩ -oxidizing zone was separated from the NO 2 Ϫ -oxidizing zone in both biofilms, which was reflected by the spatial distributions of ammonia-and nitrite-oxidizing bacteria in the biofilms. The combination of in situ analyses of spatial distributions of nitrifying bacterial populations by FISH and activity profiles determined by using microelectrodes is a very powerful research tool and provides new insights into microbial nitrification processes that occur in environmental and engineered biofilm systems.
